Periostin (Postn) is a matricellular protein preferentially expressed by osteocytes and periosteal osteoblasts in response to mechanical stimulation and parathyroid hormone (PTH). Whether and how periostin expression influences bone anabolism, however, remains unknown. We investigated the skeletal response of adult Postn −/− and Postn +/+ mice to intermittent PTH. Compared with Postn +/+ , Postn −/− mice had a lower bone mass, cortical bone volume, and strength response to PTH. PTH-stimulated bone-forming indices were all significantly lower in Postn −/− mice, particularly at the periosteum. Furthermore, in vivo stimulation of Wnt-β-catenin signaling by PTH, as evaluated in TOPGAL reporter mice, was inhibited in the absence of periostin (TOPGAL;Postn −/− mice). PTH stimulated periostin and inhibited MEF2C and sclerostin (Sost) expression in bone and osteoblasts in vitro. Recombinant periostin also suppressed Sost expression, which was mediated through the integrin αVβ3 receptor, whereas periostin-blocking antibody prevented inhibition of MEF2C and Sost by PTH. In turn, administration of a Sost-blocking antiboby partially restored the PTH-mediated increase in bone mass in Postn −/− mice. In addition, primary osteoblasts from Postn −/− mice showed a lower proliferation, mineralization, and migration, both spontaneously and in response to PTH. Osteoblastic gene expression levels confirmed a defect of Postn −/− osteoblast differentiation with and without PTH, as well as an increased osteoblast apoptosis in the absence of periostin. These data elucidate the complex role of periostin on bone anabolism, through the regulation of Sost, Wnt-β-catenin signaling, and osteoblast differentiation.
I ntermittent administration of parathyroid hormone (PTH) is currently the only bone anabolic treatment for patients with osteoporosis (1) . Intermittent PTH (iPTH) exerts biphasic effects on bone: first, PTH triggers the differentiation of mesenchymal stem cells into the osteoblast lineage (2) and activates bone-lining cells to produce and mineralize a collagen matrix (3); then it stimulates the development and activation of osteoclasts through the regulation of receptor activator of NFκB (RANKL) and osteoprotegerin expression by osteoblasts (4) . In turn, bone resorption releases local factors such as IGF1, FGFs, TGF-β, and bone morphogenetic proteins that support osteoblast activity (5) . Bone biopsy data in patients treated with teriparatide (PTH indicate that bone formation on modeling surfaces accounts for 5-30% of PTH anabolic effects, whereas more than 70% of PTH anabolism occurs through remodeling surfaces (6) . Hence, the net effects of iPTH on bone mass and structure depend on the extent of remodeling surfaces (7) . Consequently, PTH exerts greater effects on endosteal surfaces than on the periosteum, where remodeling is virtually absent, at least in adults. In turn, RANKL inhibitors may restrict PTH anabolic effects on endosteal surfaces, without affecting bone formation at the periosteum (7) (8) (9) . PTH has also been shown to inhibit sclerostin (Sost) expression (10) , and this effect is mediated by MEF2C (11, 12) . Thus, PTH-induced bone mass gain is inhibited at the endosteal and periosteum surfaces in mice overexpressing Sost, as well as in Sost-deficient mice (10, 12) . Among all genes regulated by PTH, periostin (Postn) has been shown to be a highly responsive gene (13) (14) (15) (16) . Postn is a 90-kd secreted extracellular matrix protein that binds integrins αvβ3 (17) . Postn-deficient mice develop periodontitis and osteoporosis (18) . We recently reported that Postn mRNA and protein levels are rapidly up-regulated by mechanical stimuli and could contribute to Sost inhibition (19) . Indeed, the cortical bone response to mechanical loading was absent in Postn −/− mice but was rescued by Sost-blocking antibodies. The preferential expression of Postn in the periosteum, the outer cortex, and in osteocytes raised the intriguing possibility that Postn could be involved in the regulation of Sost expression and bone anabolism in response to PTH.
To test this hypothesis, we characterized the skeletal response to iPTH in Postn −/− mice and investigated the role of Postn in osteoblast signaling and gene expression. Here we show that, consistent with its pattern of expression, Postn is required for PTH anabolic effects on cortical but not on trabecular bone. Moreover, Postn inhibited Sost expression, and this effect was mediated by the integrin αVβ3 receptor. Using TOPGAL reporter mice, we further demonstrated that Postn is involved in the activation of Wnt-β-catenin in response to PTH. Eventually, Postn played an important role in osteoblast differentiation. These data elucidate the complex mechanisms by which Postn regulates bone anabolism.
Results

Postn
−/− Mice Are Resistant to PTH Anabolic Effects on Cortical Bone.
At baseline the weight was 22.15 ± 0.67 g in Postn +/+ and 17.8 ± 0.21 g in Postn −/− mice (P < 0.001). During the experiment, the animals gain weight normally without significant differences between genotype and treatment ( Fig. 1) . Bone mineral density (BMD) was significantly lower at baseline in Postn −/− vs. Postn +/+ mice at the femur (0.073 ± 0.001 vs. 0.078 ± 0.002 g/cm 2 , respectively, P < 0.01) and the spine (0.073 ± 0.002 vs. 0.079 ± 0.002 g/cm 2 , respectively, P < 0.05). iPTH stimulated femoral BMD gain over 5 wk in both Postn +/+ and Postn −/− mice; however, BMD gain was significantly less in Postn −/− mice compared with Postn +/+ mice (Fig. 1) . iPTH significantly increased femoral cortical bone volume (CtBV), Ct thickness (CtTh), as well as vertebral CtTh in Postn +/+ but not in Postn −/− mice ( Fig. 1 and Tables S1 and S2). Cortical bone-forming indices significantly increased in iPTH-treated Postn +/+ but not in Postn −/− mice, and most strikingly differed at the periosteum. iPTH also significantly increased alveolar bone volume in the jaw of Postn +/+ (+18.6% vs. vehicle, P < 0.01) but not in Postn −/− mice (Fig. S1 ). In contrast, iPTH increased trabecular bone volume to total bone bolume (BV/TV), trabecular thickness (TbTh), and trabecular number (TbN) at the femur and spine similarly in Postn −/− and Postn +/+ mice ( Fig. 1 and Tables S1 and S2). Indeed, PTH stimulated bone-forming indices at trabecular surfaces similarly in Postn −/− and Postn +/+ mice (Table S2 ). To evaluate whether differences in cortical bone mass and microarchitecture were translated into differences in bone strength, femurs were tested in bending. iPTH significantly increased ultimate force, stiffness, and displacement in Postn +/+ mice, but not in Postn −/− mice ( Fig. 1 and Table S3 ). Hence, absence of Postn led to bone compartment-specific alterations in response to iPTH.
Postn Mediates PTH Inhibition of Sost Expression. The absence of a cortical and particularly periosteal bone response to PTH in Postn −/− mice raised the possibility that Sost expression could be dysregulated in absence of periostin. iPTH significantly increased, respectively decreased, Postn (+49.5%, P < 0.05) and Sost (−41.5%, P < 0.05) mRNA expression in femur cortices of Postn +/+ mice, whereas no changes in either gene expression occurred in Postn −/− mice. Moreover, in Postn +/+ mice, iPTH increased Postn protein expression at the periosteal surface and in osteocytes, but it inhibited sclerostin in osteocytes ( Fig. 2 A and C) . In contrast, in Postn −/− mice, no difference in Sost staining was observed between iPTH and vehicle ( Fig. 2 B and C) . Actually, in Postn −/− , Sost was intensively express throughout osteocytic lacunae and canalicular system, both in vehicle and PTH-treated groups ( Fig. 2 B and C) .
To confirm and expand these in vivo observations, we next investigated the effects of PTH on Postn and Sost expression in UMR-106 osteoblast-like cells. PTH stimulated Postn and inhibited Sost mRNA expression time-and dose-dependently ( Fig. 3 A  and B) . Consistent with the mRNA expression, levels of Postn and Sost protein, respectively, increased and decreased in osteoblasts after exposure to PTH, as analyzed by both Western blot and immunochemistry ( Fig. 3 E and F) . Furthermore, UMR-106 cells exposed to recombinant Postn showed a significant reduction of Sost mRNA levels and this effect was blocked by a neutralizing antibody against the Postn receptor, integrin αVβ3 (Fig. 3G) .
In turn, Postn-neutralizing antibodies partially prevented Sost inhibition by PTH (−55%) (Fig. 3H) . Inhibition of Sost expression by PTH has been shown to be mediated by a down-regulation of the transcription factor MEF2C in UMR-106 cells (11) . Accordingly, Postn-neutralizing antibodies completely blocked PTH-induced inhibition of MEF2C, indicating that Postn regulates Sost expression upstream of MEF2C (Fig. 3I ). . Next, these results were confirmed in vivo. In TOPGAL; Postn +/+ mice, X-Gal was most prominently expressed in osteocytes and the periosteum and markedly stimulated by iPTH (Fig.  4B) . In contrast, in TOPGAL;Postn −/− mice, β-galactosidase activity was weak and not stimulated by iPTH. Moreover, PTHstimulated Postn expression occurred in the vicinity of X-Gal + cells, suggesting that Postn may regulate Wnt signaling by autocrine/ paracrine mechanisms (Fig. 4C) .
Indeed both TOPGAL;Postn +/+ and TOPGAL;Postn −/− osteoblasts responded to recombinant Postn by a modest increase of β-galactosidase activity, indicating that Postn may also directly stimulate Wnt-β-catenin signaling by some direct mechanism (Fig. 4C ). In addition, we confirmed that integrin signaling is functional in Postn −/− osteoblasts, as demonstrated by their response to RGD peptides and recombinant Postn, which normally activated P-Src, P-Fak, and P-PkD (Fig. S2) . To further evaluate the relationship between Postn expression and Wnt-β-catenin signaling effects on bone, Postn −/− mice were treated with a Sost-blocking antibody, plus or minus PTH. In Postn +/+ , Sost-Ab alone increased femoral BMD, BV/TV, CtBV, and CtTh, as well as osteocalcin levels similarly to PTH alone (Fig. 5) . However, the effects of Sost-Ab plus PTH were partially additive but not synergistic (Fig. 5 ). These observations suggest than a substantial proportion of PTH effects is because of Sost inhibition; alternatively that Sost-Ab does not fully block Sost activity in our experiment.
Sost-Ab also significantly increased femur BMD, BV/TV, CtBV, and CtTh in Postn −/− mice, further indicating that the Wnt-β-catenin signaling pathway of bone formation is functional in these mice (see also Fig. 4) . With Sost-Ab, PTH effects were rescued in Postn −/− but only on femur BMD gain and CtTV (Fig.  5C ), confirming a role for Postn-mediated Sost inhibition on PTH effects at the periosteum (Fig. 1) . The absence of PTH effects, respectively the rescuing effects of Sost-Ab on Postn −/− bone, were independent of mechanical loading, because results from mouse calvaria were consistent with the long bones (Fig. S3 ).
Altered Osteoblastic Functions and Osteocytic Differentiation in
Postn-Deficient Cells. We next questioned whether PTH-stimulated Postn expression could play an additional direct role on bone formation. For this purpose, we thought to investigate the direct influence of Postn expression on osteoblast functions. Primary osteoblasts from Postn −/− mouse calvariae showed a lower proliferation rate compared with Postn +/+ osteoblasts (Fig. 6A) , without evidence of a cell adhesion defect. After 4 d in culture, 24 h of PTH exposure significantly stimulated osteoblast proliferation in Postn +/+ but not in Postn −/− (Fig. 6B) mice. Differentiation was also impaired in Postn −/− osteoblasts, as shown by a reduced alkaline phosphatase (ALP) activity (119.8 ± 4.9 nmol vs. 194.6 ± 9.3 nmol PNP/mg of protein in Postn +/+ , P < 0.001) (Fig.  6C) . ALP staining and mineralization were also lower in Postn −/− vs. Postn +/+ osteoblasts cultures ( Fig. 6 C and D) . Moreover, PTH increased ALP staining in Postn +/+ osteoblasts but not in Postn −/− (Fig. 6C) . Eventually, Postn −/− osteoblasts presented a decreased migration capacity compared with Postn +/+ , consistent with the role of Postn as a cell migration factor (Fig. 6E) .
As shown in Fig. 7 , expression levels of osteoblast differentiation genes were altered in cultures from Postn −/− mouse calvariae, both spontaneously and upon PTH stimulation. Expression levels of Runx2, Osterix (Sp7), Alp1, bGlap, and ATF-4 were lower in Postn −/− vs. Postn +/+ cells (Fig. 7A) . Moreover, PTH significantly decreased Runx2, Sp7, MEF2C (−41.6%, −82.3%, and −65.0% vs. vehicle, P < 0.01) and increased Alp1 and bGlap (+218.3% and +507.1% vs. vehicle, P < 0.01) in Postn +/+ , with little or no effect in Postn −/− osteoblasts (Fig. 7A) (Fig. 7C ).
Discussion
The main objective of our study was to elucidate the role of Postn in the skeletal response to PTH. Postn deletion in mice resulted in altered cortical bone response to iPTH, with an absence of both Sost inhibition and activation of β-catenin signaling in the periosteum, osteoblasts, and osteocytes. Conversely, Postn directly suppressed MEF2C and Sost gene expression, the latter through integrin αVβ3, and further exerted a moderate direct effect on β-catenin signaling in TOPGAL reporter cells. Moreover, osteoblast proliferation, differentiation, migration, and response to PTH were altered in absence of Postn. These results identify periostin as a regulator of Wnt-β-catenin signaling, a crucial mediator of bone anabolism. A relationship between Postn and PTH was first suggested by the observation that Postn is regulated by PTH in mouse and humans osteoblasts (16, 23, 24) . Our study now demonstrates the functional significance of PTH-stimulated Postn expression with regard to bone formation. It shows that Postn modulates osteoblast functions through both Sost-independent and -dependent mechanisms. In vitro and in vivo Postn mRNA and protein expression were increased by PTH in parallel to the inhibition of Sost expression, indicating that these events are temporally related. Moreover, Sost down-regulation by PTH was partially inhibited by a periostin neutralizing antibody, whereas in Postn −/− mice Sost gene regulation by PTH was definitively abolished. Then, recombinant Postn directly inhibited Sost expression. Ultimately, cortical bone-forming indices were not stimulated by PTH in the absence of Postn, particularly at the periosteum. Interestingly, an interaction between Postn and Sost gene polymorphisms has recently been found in an association study of subjects with extreme-BMD (25) . We had previously reported that Postn is necessary for the bone anabolic response to mechanical stimuli (19) . At that time we did speculate that the mechanotransduction properties of bone could be impaired because of an alteration of the bone matrix quality, or alternatively, that Postn could directly regulate Sost. The present work demonstrates that Postn directly inhibits Sost expression through its integrin αVβ3 receptor (26, 27) . However, in UMR-106 cells, about half of Sost inhibition by PTH appeared independent of Postn. Furthermore, Sost-blocking antibodies did not restore PTH effects in vivo in Postn −/− mice, whereas they did restore the bone anabolic effects of mechanical stimuli (19) . Indeed, these observations lead us to propose that PTH down-regulation of Sost in osteocytes is mediated by a two-step process [i.e., through PTH1R activation and cAMP/ERK signaling (probably a rapid and short term effect)], that is independent of Postn (20) , then through Postn production and an autocrine/paracrine activation of integrin signaling, leading to a prolonged suppression of Sost expression. These latter observations are consistent with a direct activation of Wnt-β-catenin signaling by PTH in osteoblasts (28, 29) .
The polarized expression of Postn in the cortical compartment (i.e., its preferential expression in the periosteum and outer third of the cortex) could also have implications in the differential effects and potency of PTH at the periosteal vs. endocortical surfaces (30) (31) (32) (33) . At clinically relevant doses, indeed (i.e., less than 40 μg·kg·d in mice and 20 μg/d in humans), PTH exerts relatively modest (if any) bone anabolic effects on the periosteum, contrasting with its strong endocortical anabolism (34) (35) (36) . The latter is largely explained by the fact that activation of osteoblast lining cells is potentiated by key growth factors and clastokines normally released at bone resorbing surfaces. These factors may be poorly expressed at periosteal surfaces, in contrast to Postn, which now appears as a major mediator of PTH anabolic effects on the periosteum, as well as osteoblast proliferation and differentiation factors. These observations are in accordance with previous data indicating that knock-down of Postn either by neutralizing antibodies or siRNA induced a defect in the attachment of osteoblastic cells, which affects their differentiation and mineralization processes (23, 37) .
In addition, PTH-stimulated increase in osteoblasts numbers appears to be at least partly mediated by its positive effects on cell survival mediated by Wnt-β-catenin (38 that PTH-induced cell survival through β-catenin signaling could also be mediated by Postn.
In conclusion, the essential role of Postn in the periosteal anabolic response to PTH is mediated by both a suppression of Sost expression in osteocyte and direct stimulatory effect of Postn on Wnt signaling and osteoblast functions. In addition, Postn expression in osteocytes near the endocortical ridge could be involved in remodeling processes at this surface. In the absence of Postn, bone formation is impaired and PTH is unable to effectively improve cortical structure and strength. In turn, these results will inform the development of bioassays for circulating periostin (39, 40) to monitor PTH activity on bone and potentially novel therapeutic approaches to improve cortical bone strength.
Materials and Methods
In Vivo PTH Experiment. Postn -Lac Z knock-in mice (Postn −/− ) were generated as reported previously (18) . First, 12-wk-old Postn −/− and Postn +/+ female mice were treated with either daily subcutaneous PTH (40 μg·kg·d) or vehicle for 5 wk. This experiment was repeated in Postn +/+ and Postn −/− mice with concomitant intravenous injection of a Sost-blocking antibody (Sost-Ab, 12 mg·kg·wk) for 5 wk. MicroCT scans, histomorphometry, immunohistochemistry, gene expression, and mechanical resistance of mouse femur or tibia were performed as previously described (20) . We also used the Wnt reporter TOPGAL mice to investigate the role of Postn on β-catenin activation. TOPGAL mice were bred with Postn −/− to generate 
